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ARTICLE INFO ABSTRACT

Keywords: The burgeoning field of soft robotics has witnessed a surge in interest, driven by the pursuit of creating precise
Photoactuation machines with soft actuators capable of surpassing or aiding human manufacturing capabilities. This work ex-
Two-way shape memory polymers plores light-responsive shape memory actuators derived from electrospun fibers, integrating a "push-pull" azo
Azobenzene . . . . N s
Phototh 1 effect compound into a poly(e-caprolactone) matrix. Driven by photothermal conversion, the resulting system exhibits
otothermal eriec . . . . . . .
Electrospinning reversible actuation under UV light, demonstrating rapid responses and superior performance compared to film

counterparts. More specifically, the significant impact of morphology on both the photothermal behavior and the
actuation performance is highlighted by comparing non-woven and bulk shape memory material. The temper-
ature variation induced by UV light in the non-woven was notably affected by scattering effects, leading to the
formation of temperature gradients throughout the material. Notably, the study establishes a unique stress-
responsive range for fibrous actuators, demonstrating that their porous structure contributes to higher actua-
tion magnitudes at lower stresses compared to conventional films. This innovation holds promise for applications
in micro-robotics and biomedical fields, showcasing the potential of fibrous actuators in augmenting human-

friendly robotics through their lightweight, flexible, and remotely actuated features.

1. Introduction

The interest in soft robotics has experienced a continuous growth in
recent years. Building soft actuators to develop precise machines that
can overcome or assist human manufacturing ability represents a great
challenge for the scientific community [1]. These actuators aim to
become technological innovations fostering the development of
human-friendly robotics. This involves, to some extent, replacing the
rigid machines prevalent in contemporary industrial settings, sometimes
characterized by limited adaptability and safety concerns. Among the
countless applications of soft actuators, a notable function is the con-
version of energy from one form to another. This encompasses the
generation of mechanical energy through chemical processes, as well as
the stimulation of artificial muscles through light activation [2]. In the
field of soft robotics, artificial muscles are of particular interest due to

their multiple applications in both mechanical and medical fields. In
fact, they can replace various biological or mechanical components,
executing reproducible processes with high energy conversion efficiency
and without showing any deterioration. The realization of artificial
muscles can be achieved through the use of shape memory polymers
(SMPs), materials capable of retaining a temporary shape and subse-
quently reverting to their original form when exposed to an external
stimulus such as magnetic field, moisture, light or heat [3]. The mode of
action of a thermally-induced SMP is closely tied to polymer thermal
transitions and it arises from the combination of the specific polymeric
macromolecular architecture and the thermo-mechanical history of the
sample [4].

Light constitutes a particularly attractive way for activating polymer
actuators, owing to its easy spatial and temporal control, tunability and
non-contact mode. In recent years, several examples of light-controlled
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actuation [5-7] have been reported for polymeric materials, including
hydrogels [8], liquid crystalline polymers and elastomers [9], and SMPs
[10,11]. These materials rely on either photo-isomerizable moieties (e.
g., azobenzene [12] and spirobenzopyran [13]) that undergo either a
reversible photochemical reaction, generating tensional stress within
the material (photomechanical effect), or a light-induced heating
(photothermal effect) [14,15]. This last effect can be obtained also using
photothermal additives (e.g., polydopamine (PDA) [16,17], polypyrrole
[18], graphene [19] and graphene oxide [20], gold nanoparticles [21],
and carbon nanotubes [22]) that convert photon energy into thermal
energy (photothermal effect). Azobenzenes, in particular, are widely
employed to achieve photothermal and photomechanical responses and
have been selected as the “power unit” for various devices, including
graspers [23-25], walkers [25,26], motors [27], and artificial muscles
[28,29]. Azobenzenes can be reversibly photoisomerized from the more
stable trans form to the cis form by irradiation with UV or visible light,
depending on the nature of the substituents present. More exactly,
irradiation of the trans isomer at a suitable wavelength produces a
photostationary state, where there is a dynamic equilibrium between the
two isomers. If the source of radiant energy is switched off, the equi-
librium moves back to the trans form via thermal relaxation of the
fraction of cis isomer present. In this case, the energy absorbed by the
chromophore is released to the surrounding medium in the form of heat
[30]. Alternatively, the cis isomer can be reverted to the trans form by
irradiation at different -typically visible- wavelengths. The thermal
relaxation time from the cis photostationary state is strongly influenced
by the substitution pattern of the azo chromophore with cis lifetimes
spanning from months down to fractions of milliseconds [31].

In recent years, the integration of specialized functionalities into
textiles or garments has garnered significant attention within the realm
of soft robotics and human-robot interfaces [32]. Fiber-based actuators
have emerged as a prominent area of interest in this context. Drawing
inspiration from biological muscles [33], fibrous actuators exhibit
remarkable traits such as flexibility and pronounced anisotropic prop-
erties. Leveraging conventional textile processing techniques, fibers can
be processed by twisting, weaving, and knitting, ultimately giving rise to
both two-dimensional and three-dimensional configurations for yarns
and textiles [34]. Electrospinning is a noteworthy innovative technol-
ogy, capable of producing continuous fibers with submicrometric di-
ameters. These fibers are typically collected in the form of non-woven
structures, but they can also be ingeniously assembled to emulate the
intricate architecture of biological tissues such as tendons and muscles
[35,36]. Electrospun actuators that combine high surface area, porosity,
flexibility, lightweight nature, and thermally triggered shape memory
attributes have been the subject to comprehensive investigation [37].
However, limited efforts have been devoted to achieving remote actu-
ation through the utilization of electromagnetic energy. In an intriguing
study, a near-infrared laser was employed to remotely and reversibly
actuate a PDA-coated electrospun liquid crystalline microfiber. This
pioneering approach demonstrated rapid actuation with an impressive
speed of approximately 1 s, facilitated by the microfiber’s diameter [38].
The incorporation of PDA coating was also harnessed to induce one-way
shape memory behavior in electrospun polyurethane [39]. Further
complexity in remotely controlled geometry alterations was demon-
strated through a dual-layer composite comprising electrospun fibers
enriched with Fe3O4 nanoparticles and a thermoresponsive hydrogel
[40].

With the aim to explore the performance and the potentialities of
light-responsive actuators made of electrospun fibers, along with the
possible benefits deriving from their non-woven structure, in this work,
we used a system previously developed by our teams. This system, based
on poly(e-caprolactone) (PCL) crosslinked through a sol-gel reaction,
exploits the low-temperature crystal-to-melt transition to achieve both
one-way and two-way shape memory effects when subjected to a ther-
mal stimulus [41,42]. The introduction of photo-responsiveness was
accomplished by incorporating a "push-pull' azo compound,
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characterized by its rapid thermal reversion to the trans form (4.6 ms),
promptly releasing heat upon exposure to UV irradiation [43]. This
photothermal effect was exploited to create light-responsive actuators in
the form of thin films and non-wovens made of microfibers. The pho-
tothermal behavior and the reversible actuation of these systems were
comprehensively characterized, revealing notable performance distinc-
tions attributed to their different morphologies. Specifically, the thermal
response triggered by the UV light in the non-woven was significantly
influenced by scattering effects, resulting in the establishment of tem-
perature gradients across the material. Interestingly, under equivalent
stress conditions, the porous structure demonstrated a greater actuation
response compared to its film counterpart. This particular feature can be
advantageous in scenarios where modest stresses must be sufficient to
induce substantial alterations in geometry, as might be the case in
micro-robotics and biomedical applications.

2. Results and discussion
2.1. Photoresponsive shape memory system

Our shape memory system is based on a a,-triethoxysilane-termi-
nated poly(e-caprolactone) (tPCL) network crosslinked through silica-
based netpoints (Figs. 1a and 1c), which was explored by us in the
past, both as thin films and electrospun mats. This system displays one-
way and two-way shape memory behavior under a thermal trigger
[44-47]. In this work, as a further advancement, the system was doped
with an AZO-OH compound to confer photothermal responsiveness
(chemical structure: Fig. 1a; electrospray ionization mass spectrum:
Fig. S1; 'H NMR spectrum: Fig. S2). Azobenzenes with short-lived cis
isomers have been proposed as photothermal-driven photo-switches,
where the heat released during the cis-trans isomerization fuels actua-
tion [14,30,48]. The rate of cis-to-trans isomerization can be increased
by push-pull electron-donating/withdrawing substituents in 4-4" posi-
tion on the rings [43,49]. The AZO-OH compound selected for this work
belongs to this category, exhibiting rapid thermal cis-to-trans isomeri-
zation not only in solution (isomerization mechanism: Fig. S3; UV-Vis
spectrum: Fig. S4) but also in glassy and liquid-crystalline polymers
[50].

The behaviour of the light-responsive shape memory actuators pro-
posed in this work is schematically represented in Fig. 1. The AZO-OH
concentration was set at 4 wt% for both film (labelled as tPCL-AZO-
Film) and mat (labelled as tPCL-AZO-ES-CX) for comparison. Under
UV irradiation (Fig. 1d), the heat released by the trans-cis-trans isom-
erization produces a local increase of the temperature of the polymer
(Fig. 1e), inducing the melting of PCL crystal phase (Fig. 1f). At this
stage, the sample, subjected to an increasing load, experiences a
decrease in Young’s modulus and reaches a certain deformation (edn,
Fig. 1g) which depends on the applied stress. By keeping the sample
under a constant load, when the light is turned off, the temperature of
the sample decreases and the polymer crystallizes under stress, leading
to the well-known phenomenon of crystallization-induced elongation
(CIE), reaching a higher value of strain ebgr (Fig. 1g). By switching on
the UV lamp, the PCL crystal phase melts again, leading to the melting-
induced contraction (MIC) of the sample [51-53]. This procedure can be
repeated for many cycles (Fig. 1g) and the actuation reversibility de-
pends on the stability of the crosslinking points which prevent chain
creeping. The fast cis-to-trans isomerization of the AZO-OH compound
allows a fast recovery of the initial trans state without the need to
reconfigure the system with visible light, as instead necessary for other
systems [54].

Fig. 2a-d reports representative Scanning Electron Microscopy (SEM)
images of the electrospun fibers before (sample tPCL-AZO-ES) and after
the crosslinking treatment (sample tPCL-AZO-ES-CX). It was previously
demonstrated that the same polymeric system, without the AZO-OH
additive, is partially crosslinked after the electrospinning process but
requires a thermal treatment to furtherly promote crosslinking and
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Fig. 1. Sketch describing the photo-activated two-way shape memory system: chemical structures of tPCL and AZO-OH (trans and cis forms) (a) used to produce non-
woven mats (by electrospinning) and thin films (by solvent-casting) (b); the resulting materials consist of a network of chemically crosslinked semicrystalline PCL
chains doped with 4 wt% of AZO-OH (c); both systems are tested under a constant load for two-way shape memory behavior using UV irradiation (d) while measuring
the temperature of the sample with a thermal camera (e); UV light induces trans-to-cis isomerization of the dispersed AZO-OH, whose cis form spontaneously reverts
to the trans one releasing heat, with the consequent melting of PCL crystal phase (photothermal heating, PTH) (f); both systems are tested up to 10 cycles by applying

different pre-stretch strains, eby (g).
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Fig. 2. Representative SEM images of tPCL-AZO-ES (a, b) and tPCL-AZO-ES-CX (c, d). ) ATR-IR spectroscopy of tPCL-AZO-ES-CX (black), the same sample after THF
immersion (blue), and AZO-OH compound (red); pictures of tPCL-AZO-ES-CX before and after THF immersion are reported on the right. f) ATR-IR spectroscopy of
tPCL-AZO-Film (black), the same sample after THF immersion (blue), and AZO-OH compound (red); pictures of tPCL-AZO-Film before and after THF immersion for
10 min are reported on the right. Scale bar = 100 ym (a and ¢); 10 um (b and d).

improve the density of netpoints [45]. The average fiber diameter
(Fig. S5) does not significantly change after the crosslinking treatment
and it is in the 2-3 um range. Both electrospun mats and films show an
intense yellow color (see pictures in Fig. 2e and f) given by the AZO-OH
doping. The presence of the AZO-OH compound in the samples is also
confirmed by Attenuated Total Reflection Infrared (ATR-IR) spectros-
copy. Indeed, the IR peaks characteristic of AZO-OH are clearly visible in

both tPCL-AZO-ES-CX and tPCL-AZO-Film (C-N stretching at
1605 cm™'; aromatic C-C stretching at 1588 em ™} N-O asymmetric and
symmetric stretching at 1516 and 1331 cm ™2, respectively; out-of-plane
bending of aromatic C-H at 863 and 845 cm™!), together with the peaks
assigned to PCL (C=O0 stretching at 1723 cm™}; C-O-C asymmetric and
symmetric stretching at 1240 and 1162 cm™!, respectively). The
AZO-OH compound is not covalently linked to the polymeric network,
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being easily washed away when the samples are immersed in tetrahy-
drofuran (THF) (see the loss of yellow color in pictures of Fig. 2e and f
and the disappearance of the AZO-OH infrared peaks in tPCL-AZO-ES-CX
and tPCL-AZO-Film washed in THF).

As a general consideration, in two-way shape memory systems, the
actuation magnitude (Ract = €ygr — €ny» Equation 1 in the Supple-
mentary Material) is governed by the amount of crystal phase (Fig. S6
shows that film and non-woven have the same X-ray diffraction pattern)
that melts and crystallizes in the MIC and in the CIE stages, respectively.
The crystallinity degree, in turn, depends on the crosslinking density,
since the presence of netpoints can limit the structural arrangement of
chains in an ordered structure [55,56]. Moreover, the crosslinking de-
gree also affects the amorphous chain extension during CIE, imposing
constraints against deformation, thus having an impact on the actuation.
On the other hand, enough netpoints are a prerequisite to avoid unde-
sired long-range molecular chains slippage and creep above polymer
melting temperature [51]. For our systems, the effectiveness of the
crosslinking procedure and the resulting thermal properties were veri-
fied by Differential Scanning Calorimetry (DSC) and gel content mea-
sures. Fig. 3 reports the DSC curves of tPCL-AZO-ES-CX and
tPCL-AZO-Film, together with tPCL-AZO-ES to assess the effect of
post-crosslinking on the fibers. For each sample, the calorimetric data
are reported in Table 1. Data related to the first heating scans are highly
dependent on the different thermal histories of the samples and there-
fore are not considered. Instead, the second heating scans allow a more
reliable comparison between the samples and better represent the
thermal behaviour of the actuators since, before applying the
pre-stretching, their thermal history is erased by melting above Ty,. In
the second heating scan, the melting enthalpy of tPCL-AZO-ES (AHp, =
63 J g~ 1) decreases after post-crosslinking (AHy, = 51 J g™1), resulting
in the reduction of the crystallinity, showing a value similar to that of
the film (AH,, = 54 J g_l). This trend confirms the effectiveness of the
post-crosslinking in enhancing the netpoint density in the fiber. Similar
results are obtained when comparing the undoped samples, i.e. tPCL-ES
and crosslinked tPCL-ES-CX (Fig. S7 and Table S1). In Fig. 3, it is
highlighted that the melting phenomenon for both crosslinked mat and
film ends at 55 °C in the 2nd heating scan (Tf,{ld, dashed black line). This
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Fig. 3. DSC 1st heating scans (top), cooling scans (middle), and 2nd heating
scans (bottom) of tPCL-AZO-ES (black), tPCL-AZO-ES-CX (red) and tPCL-AZO-
Film (blue). The dashed black line crossing the 2nd heating scans indicates
the end of the melting phenomenon for crosslinked mat and film (red and blue
curves, respectively), T4 = 55°C.
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will be a key aspect in the following discussion related to the photo-
thermal effect. The gel content, namely the insoluble portion of the
sample, was in the range of 88-95 % for both systems. Being both gel
content and melting enthalpy of the crosslinked film and mat similar, a
direct comparison of actuation performance of the two systems is
feasible.

2.2. Photothermal behaviour

In shape memory materials activated by the photothermal effect, the
intensity of the radiation is another parameter that can heavily affect the
actuation since it controls the sample temperature [14]. The photo-
thermal effect promoted by the AZO-OH on crosslinked PCL film and
mat has been assessed at different radiation intensities by changing the
distance of the UV lamp from the samples (Fig. S8a shows the correlation
between light intensity and distance). A thermal camera was used to
measure the temperature of the specimen, both on the side directly
illuminated by the lamp (front) and on the opposite one (back). For both
film and mat, when the lamp is turned on, the temperature of the two
surfaces immediately rises, reaching a plateau value after about 15 and
10 s on the front and back sides, respectively, albeit at the highest dis-
tances it takes a bit more time for the temperature to stabilize over a
constant value (Fig. S9). As expected, the closer the sample is to the UV
source, the higher the temperature. When the light is turned off, the
temperature rapidly decreases. Fig. 4a and b report the plateau tem-
peratures measured on the front and back sides of both mat and film as a
function of light intensity and distance from the UV source, respectively.
The temperature is linearly correlated with the light intensity and the
value measured on the side under direct irradiation is significantly
higher than that on the back side. Interestingly, the temperature
gradient across sample thickness is remarkably higher in the mat than in
the film. Moreover, when placed at the same distance from the lamp, the
temperature of the irradiated side of the mat is higher than that of the
film. These results are somehow counterintuitive, as one would expect,
by comparing mat and film, that the mat should display a lower tem-
perature at the front side as a consequence of its higher porosity and,
hence, of a lower AZO-OH density per unit volume. Moreover, for the
same reason, a lower temperature gradient may be expected in the mat.
These opposite results can be rationalized by considering the optical
behaviour of electrospun mats, known to be highly reflective thanks to
their ability to scatter light [58,59]. Light scattering at fiber surface is
the consequence of the different refractive indices of air and fiber and
results in the reduction of transmitted light through the mat and in
multiple absorptions at fiber surface. Multiple absorptions of reflected
UV light can thus justify the higher temperature recorded at the front
surface of the mat compared to the film. The higher temperature
gradient recorded for the mat can instead be explained by the low
thermal diffusivity of the air entrapped between mat pores, which
contributes to thermally isolating the cold back side of the mat from the
hot front side.

The most important consequence of the photothermal effect is the
melting of PCL crystal phase and, consequently, the change of sample
mechanical properties. Fig. 4d-e shows the tensile stress-strain curves
respectively of the mat and the film UV-irradiated by positioning the
lamp at different distances from the sample (Fig. 4c). It is evident that
both samples experience a large decrease in Young’s modulus and
strength under UV light. Interestingly, the mat displays a progressive
reduction of mechanical properties by decreasing lamp distance from 6
to 5 cm, while from 4 cm onwards the stress-strain curves are over-
lapped. Differently, the maximum reduction of film mechanical prop-
erties occurs already at 6 cm and the decrease of lamp distance does not
contribute to further reducing the mechanical properties. This is evident
by considering how the Young’s modulus of film and mat changes as a
function of light intensity and lamp distance (Fig. 4f and g, respectively).
This different trend of the elastic moduli is ascribable to the above-
explained photothermal behavior and can be correlated to the average
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Table 1
Relevant calorimetric data of tPCL-AZO electrospun samples (before and after the post-crosslinking) and film.
I*" heating scan cooling 2" heating scan
Sample Tg Tm AH,, T, AH, Ty T AH,, X2
ral rcl Ugh | Ug'l °cl [°cl Ul [%]
tPCL-AZO-ES -51 56 85 33 63 -54 54 63 48
tPCL-AZO-ES-CX -51 62 72 28 51 -53 51 51 39
tPCL-AZO-Film -54 64 73 29 51 -51 51 54 39

%AIHHO x 100, where AH, is the melting enthalpy of the 100 % crystalline PCL (139.5 J g~1) [57] and f£ is the weight fraction of tPCL (0.96).
w m
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Fig. 4. Temperature as a function of light intensity (a) and temperature as a function of lamp distance (b) of tPCL-AZO-ES-CX electrospun mat (red) and of tPCL-AZO-
Film (blue) measured by the thermal camera on both the front and back side of UV-irradiated samples; red and blue dashed lines represent the average temperature
(Taver) at each irradiating condition, black dashed line marks the T,e,;‘d of PCL melting. Sketch showing the UV lamp positioned at different distances from the sample
(c) and corresponding stress-strain curves of electrospun mat tPCL-AZO-ES-CX (d) and film tPCL-AZO-Film (e). Young’s moduli (n=3) of UV-irradiated samples of
tPCL-AZO-ES-CX electrospun mat (red) and tPCL-AZO-Film (blue) as a function of light intensity (f) and as a function of lamp distance (g).

temperature (T,yer) reached by the samples irradiated at different dis- 55 °C only at distances lower than 4 cm. In other words, at distances

tances (Fig. 4b, dashed curves). The Tuyer of the film is always higher higher than 4 cm the PCL crystal phase in the fibers is not entirely
than 55°C (Tf,{‘d of PCL melting), while the Tyye, of the mat is higher than melted.
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2.3. Shape memory behavior

The data related to the photothermal effect allowed us to properly set
up the experimental conditions for actuation experiments. The more
critical parameter is the distance between the sample and the UV source
as it determines both the light intensity (Fig. S8a), thus the sample
temperature, and the light spot size, thus the portion of the sample that
can effectively be photo-activated (Fig. S8b). In order to maximize the
spot size and to ensure the complete melting of PCL crystal phase in both
film and mat, the actuation experiments were carried out by positioning
the UV lamp at 3.5 cm from the samples (ca. 3000 W m’z).

Actuation experiments were carried out by subjecting the samples to
different levels of pre-stretch (ey) and by monitoring the strain during
subsequent UV-on/UV-off cycles, over 10 cycles, for both mat and film
(Fig. 5a-b). For all samples, a reversible strain elongation/ contraction
can be observed. In the time interval of each cycle (30 s UV on + 30 s UV
off), the materials display a fast shape change (c.a. 10 s), both during
contraction and elongation. For a better quantification of the shape
memory behavior, the actuation magnitude (R,), namely the net
elongation induced by cooling, and the actuation reversibility (Ryec),
namely the percentage of cooling-induced elongation recovered by
heating, are reported for each cycle in the Supplementary Material
(Table S2, Table S3 and Fig. S10). The data show that the film displays a
good recovery of the shape in the first cycle of each condition of actu-
ation, with Ryec higher than 95 %, approaching 100 % in the subsequent
cycles. For similar pre-stretch, the fibrous mat generally shows lower
Ryec in the first cycles, with values that span from 95 % at low pre-stretch
to 73 % at high pre-stretch. Moreover, incomplete recovery can also
persist in the second cycle for electrospun material when subjected to
the highest deformations. Similar results were previously found under
thermal actuation [44] and were ascribed to the probable microstruc-
tural modification of the mat occurring when high pre-stretches are
applied (>100 %). Under this condition, mutual sliding and rearrange-
ments of the fibers determine a partial recovery in the first cycles and
give rise to a new fiber arrangement that becomes the reference state for
the subsequent cycles. After the third cycle, both mat and film show
values of Rye. close to 100 % and constant Ry, thus approaching a stable
behavior (Table S2 and S3). The thermo-mechanical and shape memory

Sensors and Actuators: B. Chemical 418 (2024) 136231

properties of both film and electrospun mats loaded with AZO-OH agree
with those described previously for the same crosslinked PCL (without
azo) directly thermally activated, except for a faster change of the shape
when the thermal stimulus is photo-induced (Fig. S11) [42,44,47].

To facilitate the comparison between the two systems, Fig. 6a and 6b
show Ryt and Ry calculated as the average from cycle 3 to cycle 10 as a
function of pre-stretching (data reported in Table 2). No relevant dif-
ferences emerge when comparing the behaviour of the mat and the film,
demonstrating that the actuation amplitude depends on the pre-
stretching and it is not affected by the sample morphology. Indeed, as
expected, it increases with pre-stretching for both materials up to 100 %
of by reaching a plateau in the range 6070 % for the film and 50-60 %
for the mat. The actuation recovery is always close to 100 % (Fig. 6b).

Noticeable differences in the behaviour of mat and film become
apparent when plotting the actuation amplitude as a function of the
applied stress (Fig. 6¢). The plot clearly highlights that the mat and the
film operate in distinct and non-overlapping stress ranges. Specifically,
the mat operates within a stress range of 0.15-0.40 MPa, similar to
human muscle [60,61], while the film operates between 0.4 and
1.1 MPa. In other words, the electrospun mat is pre-stretched and can
actuate similarly to the bulk film but under lower levels of applied
stresses. The reason why the mat response can be triggered by lower
stress compared to the corresponding films lies in the lower densities
featured by the former. The difference in actuation performance is
further highlighted when we compare film and non-woven working
under similar loadings (Table $4), in terms of work capacity (130 J Kg~!
and 340 J Kg’l, respectively) and actuation rate (5.8 % s land 10.5 %
s~1, respectively). A further indication of the improved performance of
non-woven comes out by plotting the Ry as a function of the number of
times the materials can lift their own weight (Fig. 6d). This measure-
ment is somewhat debatable because the weight lifted by the sample
depends on the sample cross-section, while the weight of the specimen
depends on its density and dimension. This means that to minimize the
weight of the sample, one could simply reduce its length. However, the
"times its own weight" parameter is frequently used to emphasize how
much these polymer actuators are lightweight compared to the weights
they can lift [17,62,63]. In our case, we considered mats and films of
comparable length and we determined the number of times the material
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Fig. 5. Actuation experiments carried out on tPCL-AZO-Film (a) and on tPCL-AZO-ES-CX electrospun mat (b) by applying different stresses to achieve different
values of pre-stretch (e5y). In each experiment, the stress was kept constant while the UV lamp was alternatively turned on and off every 30 s, to complete 10 cycles.
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Table 2
Results of the two-way shape memory response for tPCL-AZO-Film and tPCL-
AZO0O-ES-CX subjected to various initial pre-stretch (edn) and stress conditions.

Sample eoN Stress Ract’ Rrec”
[%] [MPa] [%] [%]
tPCL-AZO-Film 43 0.44 35.6 (0.4) 99.4 (0.3)
54 0.49 44.3 (0.3) 99.7 (0.5)
72 1.01 61 (1) 99.8 (0.7)
88 1.09 67 (2) 929 (1)
105 0.84 67 (1) 99 (1)
124 0.88 58 (2) 99 (3)
152 1.49 70 (1) 99 (3)
tPCL-AZO-ES-CX 44 0.16 34.6 (0.1) 99.7 (0.2)
85 0.28 53.9 (0.3) 99.6 (0.5)
98 0.32 54.1 (0.7) 99 (1)
110 0.33 59 (1) 99 (2)
138 0.36 64.2 (0.8) 99 (2)
172 0.48 51.3(0.8) 99 (3)

? calculated by applying Equation 1, expressed as average values from cycle 3

to cycle 10 + SD (in brackets);
b calculated by applying Equation 2, expressed as average values from cycle 3
to cycle 10 + SD (in brackets).

can lift its own weight (Fig. 6d) as described in the Supplementary
Material (Table S5 and S6). Fig. 6d shows the rise of the actuation
magnitude with the increase of applied weight for both samples, as ex-
pected. The plot confirms the different ranges of lifted weight and, more
importantly, it reveals that, by keeping the number of times of the lifted
weight constant, the actuation magnitude is higher for the mat
compared to the film. In other words, the mat better amplified the stress
applied, generating a higher actuation. It is also pointed out that the
number of times the material can lift its weight reported in Fig. 6d is not
the maximum one; thus, higher weights can be sustained without
breaking the samples. However, in these cases, the actuation magnitude
did not increase further.

This outcome can have direct and intriguing implications in various
applications where small stresses can be leveraged to generate sub-
stantial and reversible deformations. As a proof of concept, a small

home-built lever can be used to harness the force generated by the
suspended weight to pre-stretch the sample (Fig. 7, Video S1 and S2).
Upon exposure to UV light, the sample undergoes melt-induced
contraction, causing the lever to move and lift the weight reversibly.
In this particular example, both the tested mat and film have identical
dimensions (20 mm length, 5 mm width, and 0.1 mm thickness), and
the weight applied is approximately 2.5 g. Under these specific condi-
tions, upon UV illumination, the mat lifts the weight by about 5 cm,
whereas the corresponding film only lifts it by 3.5 cm.

As a final comparison, we tested the durability of these systems over
hundreds of cycles. Specifically, both the film and non-woven materials
were pre-stretched to approximately 80 % deformation and photo-
actuated for 6 h under repeated UV-ON/UV-OFF cycles, up to 360 cy-
cles. Under these conditions, Ryt did not significantly change in both
materials. However, the film failed after 315 cycles, whereas the non-
woven material endured until the end of the experiment (Fig. S12). In
another experiment to assess the durability and resistance of the mate-
rials under prolonged UV exposure, both the film and non-woven were
cycled 10 times and subsequently exposed to continuous UV light for
30 min at rest. After this treatment, the film failed during the pre-
stretching step, while the non-woven successfully completed an addi-
tional 10 cycles. The non-woven was further exposed to UV light for an
additional 30 min, reaching a cumulative exposure of 120 min, and was
re-cycled every 30 min for 10 cycles without any significant deteriora-
tion in photoactuation performance (Fig. S13). Overall, non-woven mats
outperform the corresponding bulk materials, both in terms of actuation
performance and durability. The good performance of the proposed non-
woven system comes out also when comparing its actuation magnitude,
work capacity, response time and weight lifted with those reported by
other soft actuators based on photoactivated shape memory polymers
(Table S7).

3. Conclusion

Light-responsive actuators, specifically based on electrospun fibers,
have been explored in this study. The overarching goal was to investi-
gate the potential benefits of non-woven structures in comparison to



M. Zanoni et al.

Sensors and Actuators: B. Chemical 418 (2024) 136231

| Weight

/\ lifting

iy

Fig. 7. tPCL-AZO-ES-CX mat (a and b) and tPCL-AZO-Film (c and d) are mounted on a custom-made lever with a counterweight of 2.5 g. The UV light source is
positioned in front of the sample at a distance of 3.5 cm. When the light is turned on the samples experience a melt-induce contraction, leading to the movement of
the lever and the lifting of the counterweight: the mat raises the weight by 5 cm (b) while the film lifts it by 3.5 cm (d). Pictures are frames selected from Sup-

plementary Video S1 and S2.

traditional film configurations. The study focused on a shape memory
system based on poly(e-caprolactone) (PCL) crosslinked through a sol-
gel reaction, incorporating a "push-pull' azo compound for photo-
responsiveness. The photothermal effect induced by the azo com-
pound led to the melting of the PCL crystal phase, resulting in reversible
shape changes. Detailed analyses, including SEM images, ATR-IR spec-
troscopy, and DSC measurements, provided insights into the structural
and thermal characteristics of the electrospun fibers. The study sys-
tematically explored the influence of radiation intensity, distance from
the UV source, and sample morphology on the temperature distribution
and mechanical properties during actuation. Actuation experiments
revealed that both the electrospun mat and film exhibited reversible
strain elongation/contraction. The actuation amplitude was found to
depend on the pre-stretching level, with both mat and film displaying
similar trends. Notably, the comparison between the electrospun mat
and film highlighted distinct stress ranges of operation. The mat
exhibited an actuation response within a stress range comparable to
human muscle, emphasizing its potential in applications where lower
stresses can be leveraged to achieve significant deformations. This
unique characteristic was further highlighted in a practical demonstra-
tion using a home-built lever, showcasing the mat’s ability to generate
higher actuation magnitudes compared to the film under the same
applied weight. Overall, this research contributes valuable insights into
the design and optimization of light-responsive actuators based on
electrospun fibers, paving the way for their application in diverse fields,
including soft robotics and biomedical devices. The study underscores
the importance of considering morphology and material composition in
tailoring the performance of shape memory systems for specific appli-
cations. Future work in this area may explore additional functionaliza-
tions, scalability, and practical implementations in real-world scenarios.
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